A geomorphological and faunistic seasonal study of six estuarine beaches on Paranaguá Bay, Brazil, was abruptly interrupted when the Chilean ship "Vicuña" exploded and sank, spilling 291 tons of bunker fuel oil. The beaches sampled twice before the accident were affected by the oil spill deposition and the posterior clean-up activities. Neither drastic reduction in abundances nor occurrences of oil-covered individuals were registered. Significant variation in both amount of debris and talitrid amphipod densities was directly related to beach clean-up activities. A short (1-3 month) manual clean-up of polluted wrack resulted in an increase in talitrid abundances, with the local distribution expansion of one species, Platorchestia monodi, from three to six of the beaches sampled. The active migration and concentration of organisms at sites without wrack during cleaning activities and a massive and continuous recovery of new debris, characteristic of estuarine beaches, may contribute to the findings.
INTRODUCTION
Paranaguá Bay is an estuary of the southern Brazilian coastal ecosystem that supports an intense volume of international merchant shipping. On the estuarine shoreline, mangroves, marsh, and sandy beaches are well developed. Estuarine beaches are very common near the inlets and also up the estuary, where small fishing villages are usually established in their proximity (BORZONE et al., 2003; BORZONE, 2008) . These beaches receive a great contribution of mangrove and marsh macrodetritus, cast ashore by waves and tides, and in some cases macroalgae from subtidal flat environments. Thus, a conspicuous beach wrack develops on the upper beach face in the form of one or more accumulations known as drift lines (ROSA et al., 2007) .
Many studies describe the ecological importance of beach wrack as a basic element of food webs through which energy is transformed from one component into another (MCLACHLAN; BROWN, 2006) . Wracks are particularly important on exposed beaches where they stabilize the foreshore by enhancing the organic and moisture contents, allowing pioneer plants to become established (LLEWELLYN; SHACKLEY, 1996; GHESKIERE, et al., 2006) .
Although macrophytes, such as algae and seagrass, are described as the principal organic components of beach-cast material (COLOMBINI; CHELAZZI, 2003) , broken branches with fruit, seeds, and mangrove leaves may be more important in estuarine ecosystems. It has been shown that, in general, these allochthonous subsidies have beneficial effects on different communities, increasing species richness and population densities. Apart from providing food, the most obvious physical effect of wrack deposits is to provide shelter and a suitable microhabitat for a number of different taxonomic groups of animals (LAVOIE, 1985; COLOMBINI et al., 2000) . Large stranded driftwood becomes an important habitat for many beach arthropods, especially amphipods of the family Talitridae, which are considered to be the primary colonizers of newly deposited wracks because of their tendency to forage on freshly stranded material (BEHBEHANI; CROKER, 1982; MARSDEN, 1991; COLOMBINI et al., 2000; ROSA et al., 2007) .
On the other hand, the effect of hydrocarbon contamination on beaches is especially harmful to the upper tidal zones, where wrack accumulates and where these amphipods live. This group of crustaceans lacks a larval phase for dispersion; hence, females transport embryos until they become individuals morphologically similar to the adults. Thus, when a population is removed or killed, as in the case of a contaminant spillage, its recovery depends on recruits coming from other more or less neighboring populations. For these reasons, the upper levels of beaches present extreme sensitivity to human disturbance .
Knowledge of the impact of contaminants on the estuarine beach environment is sparse. Estuarine beaches may be considered a transitional environment between beaches open to the ocean, which are usually wave dominated, and their corresponding tidedominated environments, the tidal flats (MASSELINK; SHORT, 1993; BORZONE et al., 2003) ; few ecological studies have been carried out on estuarine environments despite the constant presence of contaminants (NORDSTROM, 1992) .
A geomorphological and faunistic seasonal study of these particular beach environments on Paranaguá Bay began in January 2004, but was abruptly interrupted by an accident on November 15 when the Chilean ship named "Vicuña" exploded and sank, spilling 291 tons of bunker fuel oil (≅ 88% Nr. 2 fuel oil and 12% medium fuel oil 180) in Paranaguá Port (25 º 30'S; 48 º 32'W). Most of the beaches sampled were affected by the oil spill deposition and the posterior cleaning activities. This accident represented a unique opportunity to undertake a study with a before/after design, a condition useful for environmental impact assessment (OSENBERG; SCHMITT, 1996) .
The objective of the present contribution was to assess the possible influence of oil spill contamination and its posterior beach-cleaning procedures on the structure of talitrid assemblages on sandy estuarine beaches.
MATERIAL AND METHODS
Inside the estuary, the increase in astronomical tidal range by morphological embayment and the action of small and short-period waves originated by local winds and wakes results in estuarine beaches with highly similar morphology (BORZONE et al. 2003, ROSA; BORZONE, 2008) . Six of these beaches, namely, Brasilia, Coroazinha, Ponta do Poço, Techint, Ilha das Cobras, and Piaçaguera, were selected for this study (Fig. 1) . The estuarine beach profile consists of a narrow (11.6-27.7 meter), steep (1/7.8-1/15.5 meter) upper reflective beach (Table 1) . A clear discontinuity in the profile with a distinct break of slope and a localized groundwater outcrop separates this upper beach from a sandy or muddy tidal flat, variable in width but generally very gentle (1/50 to 1/300 meters) in slope. Only one of the six beaches studied (Ponta do Poço) does not follow this morphological pattern, probably because the proximity of a tidal channel inhibits the formation of a tidal flat BORZONE, 2008) . Sediment grain size in the upper beach environment varied from fine to coarse sand (2.7 to 1 φ), with two beaches (Piaçaguera and Techint) varying from fine to medium sand between seasons. Well-sorted sand was common on all the beaches, only one having moderately sorted sand (Techint). As expected, water salinity presented a reduction upward along the estuary, with the lowest values at the Piaçaguera beach.
Samples were taken in March and August 2004, before the accident, and December 2004 and March 2005, 30 and 120 days after the accident, respectively. Three drift lines were found and sampled at each beach, except in December 2004 when only one drift line was recognized owing to the intensive cleaning activities that were implemented soon after the accident. At each beach, three samples were taken by pressing a steel core (≅ 0.05 m 2 ) covered at one extremity by a 500 µm mesh size collector bag, into the beach wrack of each drift line (nine samples per beach). Wrack and sediments were then removed from the outside of the core. The sample, including wrack, animals, and some underlying sediment, was then deposited in a plastic bag and fixed with 10% formaline. In laboratory, the samples preserved were washed, macrodetrital components separated, and their dry weights measured. Talitrid amphipods were stored in 70% ethanol, identified, and counted. Beach profile, sediment granulometric characteristics, and water salinity were obtained for the two seasonal conditions (summer and winter) before the accident. The extent to which the beaches studied were contaminated was unknown. However, data from reports of the accident on the number of days and persons working on grooming activities were used as an index of the human impact caused by the cleaning and fuel removal carried out on the beaches studied. The clean-up operations consisted of the daily manual removal of all drift macrodetritus (with or without oil contamination) and manual (hackle and shovel) removal of patches of oil from the beaches´ surface. Three categories of human impact were used: small impact, in which the activities of two cleaners were extended for two weeks after the accident; medium impact, with up to five cleaners working until December 2004; and high impact, with more than five cleaners working until February 2005 (Table 1) . No cleaning activities were registered after March 2005, except on the Ilha das Cobras beach. Here, soldiers continually removed drift detrital materials because the Brazilian Army maintains a weekend residence of the State Governor. Two-way factorial ANOVA was performed for detrital weight and talitrid species' densities using beaches (n=6) and sample day (n=4) as factors, and a Schefee test was performed for a post-hoc comparison of means. Only data from the fresh drift line were transformed into m 2 and used in these analyses (three samples). Multidimensional scaling analyses (MDS) were also conducted using a Bray Curtis dissimilarity matrix (CLARK; WARWICK, 1994) , considering the square root of the total linear abundance of the three species of talitrid amphipods for each beach and sample day. Data of abundances obtained from all the drift lines sampled and expressed as linear abundances, that is, the square meter density per strip transect (ANSELL et al., 1972; BRAZEIRO; DEFEO, 1996) were used in this analysis. 
RESULTS
A great contribution of mangrove and marsh macrodetritus, and in only one case macroalgae from a tidal flat environment (Acanthophora spicifera on Brasilia beach), together with an irregular and semidiurnal tidal pattern determined a conspicuous development of up to three drift lines. Three species of talitrid amphipods were collected during this study: Platorchestia monodi, Talorchestia tucurauna, and Atlantorchestoidea brasiliensis. Of these, P. monodi represented 51% of the total number of individuals, while T. tucurauna and A. brasiliensis represented 48 and 1%, respectively. The greatest abundance of P. monodi was found on the Piaçaguera beach. Before the accident, this species had occurred on three beaches, but occurred on all the beaches sampled (Table 2 ) four months later. T. tucurauna had its greatest abundance on Brasilia Beach, and occurred at five of the six beaches sampled. One month after the accident, it had spread to all the beaches, but four months later remained on the four beaches with the highest salinity values. A. brasiliensis presented an erratic occurrence with low abundance on three beaches before the accident but disappeared four months later (Table 2) .
Macrodetrital dry weight showed significant differences between beaches and samples (Table 3) . Techint beach received a greater contribution of debris, with a maximum value of 5 kg. m -2 (March 2004) followed by Piaçaguera and Ponta do Poço beaches. The smaller deposition on the Cobras beach throughout the study period resulted from a continuous clean up of drifts for esthetic purposes. As expected, a clear reduction in the debris was detected one month after the accident as a direct consequence of the cleaning activities, but a high deposition was registered again four months later, when cleaning activities were definitively suspended and similar quantities of debris were registered as one year before (Fig. 2) .
T.tucurauna density showed significant differences between beaches and samples too, with maximal densities on Brasilia beach and in samples obtained after the accident (Table 4 and Fig. 3 ). Densities of P.monodi were greatest on the inner beach (Piaçaguera) and showed a peak of abundances one month after the accident, returning to values similar to those of one year before (Table 5 and Fig. 4) . MDS ordination (Fig. 5) showed that the Piaçaguera and Brasilia beaches maintained their characteristic talitrid composition in spite of the disturbance. The first beach, with small impact, was characterized by the dominances of P. monodi, and the second, with high impact, by the dominances of T.tucurauna. Cobras beach, with the smallest abundances of P. monodi, forms a distinct group of samples, with one exceptional sample where this species was replaced by T. tucurauna. The other beaches, with medium to high impact, showed a clear alteration of their talitrid composition after the accident because of the expansion of P. monodi distribution on those beaches.
DISCUSSION
The family Talitridae represents the only amphipod group that colonizes the terrestrial environment (BOUSFIELD, 1984) . Four species of talitrid amphipods with a wide distribution (from 6-10° to 23-28° S) are present along the Brazilian coast (SEREJO, 2004) and three of them appeared on Paranaguá Bay (ROSA et al., 2007) . P. monodi prefer protected beaches and can be found in estuarine areas and mangrove swamps while T. tucurauna often inhabit the supralittoral zone of exposed sandy beaches and are found together with A. brasiliensis (SEREJO, 2004) . The samples collected on Paranaguá Bay before the accident reflected this preference, with P. monodi present on most internal and protected beaches.
After the Vicuña accident, statistically significant variation in the quantities of debris and talitrid amphipod densities pointed to the impact of the oil spill and the cleaning activities. Because sediment is a pollution trap, the sandy beach community may in fact experience the effects of pollution and show a much higher initial mortality (MCLACHLAN; BROWN, 2006) . Macrofaunal responses to oil spills are highly variable. Gomez-Gesteira and Dauvin (2000) observed that species sensitive to hydrocarbons, especially crustaceans and more specifically amphipods, disappear rapidly and show very high initial mortalities. In the present study, neither drastic reduction in talitrid abundances nor occurrences of oil-covered individuals were registered. For this reason, we may infer that most of the differences registered were directly related to debris clean-up activities.
Frequently used beaches are often cleaned to make them attractive to tourists. Cleaning takes several forms ranging from simple litter picking to mechanized operations that remove all natural strandlines, as well as the garbage, and usually grade the sand (DAVENPORT; DAVENPORT, 2005) . Gheskiere et al. (2005) have demonstrated that the upper zone of the Mediterranean and Baltic sandy beaches used by tourists have lower concentrations of organic matter, and lower densities and diversities of invertebrates than neighboring non-tourist beaches. This appeared to result from combinations of beach cleaning, trampling, and disturbance. Cobras beach represented a clear example of impact related to a continuous removal of wrack, and the accident studied did not produce great changes in its impoverished talitrid assemblage. The Prestige accident, a 60,000-ton oil spill that affected 300 km of the Galician Coast, showed that the supratidal beach zone was greatly affected, resulting in the practical disappearance of insects and a clear reduction in the numbers of the talitrid amphipods and the semiterrestrial isopod Tylos . In this case, the cleaning of stranded algal wrack after the spill affected the infauna negatively and either directly because of the physical removal of macrofauna or indirectly because of the removal of food and refuge. For these reasons, talitrid amphipods and the semiterrestrial isopod Tylos showed a clear reduction in numbers .
Should the beach be cleaned or not after a spill disaster? That is an often-repeated question. Peterson (2001) showed that affected beaches that were cleaned took longer to recover than those not cleaned in the case of the Exxon Valdez oil spill. Whitfield (2003) affirmed that every intensive cleanup option has its drawbacks; for example, the highpressure hot water on the Alaskan shoreline fouled by the Exxon Valdez spill in 1989. Chemical cleaners also cause damage, for example in Cornwall, UK, in 1967, where oiled beaches were sprayed with 10,000 tons of powerful solvents and detergents, which caused the death of many seashore invertebrates (WHITFIELD, 2003) .
On the other hand, the present study shows that in the Vicuña case, a temporally short (1-3 month) and manual clean-up of the polluted wrack resulted in an increase of some talitrid abundances, with an expansion of their local distribution. Two factors may have contributed to this finding: one is that talitrid amphipods are generally considered to be primary colonizers of newly stranded wrack (INGLIS, 1989; COLOMBINI et al., 2000; JEDRZEJCZAK, 2002) and the other is that estuarine beaches are characterized by a massive and continuous recovery of new debris (Nordstrom, 1992) and, in the present case, free of oil. The active migration and concentration of organisms to locals without wrack, as dunes or vegetated backshore, during clean-up activities, may contribute to the maintenance and posterior increase in the talitrid population. Furthermore, talitrid amphipods can also be dispersed together with the wrack (PERSSON, 2001; ROSA et al., 2007) . This dispersion mechanism could facilitate the colonization of "newly created" habitats by individuals from unaffected areas and may thus explain the observed expansion of the distribution of P. monodi after disturbance.
Even thought deeper or repeated cleaning activities will certainly result in much slower recolonization rates, manual cleaning activities are strongly recommended in the case of estuarine beach ecosystems.
